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Modulation doping of InAs/AlSb quantum wells using remote InAs
donor layers
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~Received 16 October 1997; accepted for publication 8 January 1998!

Sheet carrier concentrations in quantum wells of InAs clad by AlSb were enhanced by modulation
doping with very thin~9–12 Å! remote InAs~Si! donor layers. The growth temperature of the donor
layers was a key parameter, with relatively low temperatures required to minimize Si segregation
into the AlSb. Sheet carrier concentrations as high as 3.231012/cm2 and 5.631012/cm2 were
achieved by single- and double-sided modulation doping, respectively. High electron mobility
transistors fabricated using the modulation doped structure exhibited a unity current gain cut-off
frequency of 60 GHz for a 0.5mm gate length at a source-drain voltage of 0.5 V.
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Single quantum wells of InAs clad by AlSb are of inte
est for application to high-speed, low-voltage, high elect
mobility transistors~HEMTs!. Advantages of this materia
system include the high electron mobility (30 000 cm2/V s)
and velocity (43107 cm/s) of InAs,1 and a large conduction
band offset between InAs and AlSb~1.35 eV!. Promising
HEMT characteristics have been reported, with a unity c
rent gain cut-off frequency,f T , of 90–100 GHz for 0.5mm
gate lengths.2,3

Sheet carrier concentrations for unintentionally dop
InAs/AlSb single quantum wells, a function of the upp
barrier thickness and cap material~InAs or GaSb!, are typi-
cally in the range 0.4– 1.631012/cm2.4 Densities can be in-
creased to 1.5– 2.231012/cm2 by an As-soak technique.5,6

Higher sheet charge densities are desirable for HEMT ap
cations. Si is the most commonn-type dopant in III-V mo-
lecular beam epitaxy~MBE! systems. Si is, however, ampho
teric in the III-V’s, producingn-type GaAs, InAs, AlAs, and
InSb, butp-type GaSb and AlSb.7 Chalcogens such as T
have been used as ann-type dopant in AlSb, resulting in
sheet carrier concentrations as high as 3.831012/cm2 in
InAs/AlSb HEMTs.8 A disadvantage of introducing Te into
MBE system is its high vapor pressure and the result
memory effects.

An alternative to chalcogen doping of GaSb and AlSb
Si doping of a remote, thin InAs quantum well. Maliket al.9

applied this technique to InAs/GaSb quantum wells a
achieved densities as high as 3.631012/cm2. Kudo and
Mishima10 formed InAs/In0.5Al0.5As0.56Sb0.44 quantum wells
and modulation doped the In0.5Al0.5As0.56Sb0.44 with Si. They
obtained sheet densities of 1.231012/cm2 but the room-
temperature mobility was only 4600 cm2/V s. Bolognesi
et al.11 used InAs/AlSb superlattices as barriers for an In
quantum well and doped selected InAs layers with Si to
tain a sheet carrier density of 1.331012/cm2 and a room-
temperature mobility of 30 000 cm2/V s. Recent work by
Sasaet al.12 achieved sheet carrier concentrations in
2 – 431012/cm2 range by Si planar doping in a 6 monolayer
~ML ! InAs quantum well located 80 Å below a 150 Å InA
quantum well clad by AlGaSb.
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In order to achieve high carrier concentrations in InA
AlSb quantum wells, we designed a structure in which a v
thin ~2–7 ML! layer of Si-doped InAs is inserted 125 Å
above a 150 Å InAs well~Fig. 1!. The large confinemen
energy of the thin quantum well allows the electrons to tra
fer into the 50 ML InAs channel. By lowering the growt
temperature to minimize Si segregation, we achieved car
densities up to 3.231012/cm2. HEMTs fabricated using this
material displayed good dc and microwave characteristics
addition, structures with InAs~Si! donor layers on both side
of the InAs quantum well yielded sheet carrier concent
tions as high as 5.631012/cm2.

Samples were grown by solid-source MBE using A2

from a valved As cracker. Both a conventional Sb4 cell as
well as an Sb cracker producing Sb2/Sb1 were used. Growth
temperatures were measured by transmission thermome13

The GaAs and AlSb buffer layers were grown at 580 °C a
530 °C, respectively, at a rate of 1.0 ML/s. The undop
InAs and adjacent AlSb were grown at a rate of 0.5 ML
and a temperature near 500 °C. The growth temperatur
the InAs~Si! donor layer and 15 Å AlSb immediately abov
it was varied from 360 to 500 °C. The As valve was clos
during all AlSb layers to minimize As incorporation
Migration-enhanced epitaxy was used at interfaces betw
InAs and AlSb to achieve InSb-like bonds.5,14

Transport measurements were made at 300 K and 7
using a conventional 535 mm Van der Pauw structure and
field of 2100 G. Selected samples were also patterned

FIG. 1. Schematic of band structure for modulation InAs~Si! doping of
InAs/AlSb quantum wells.
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standard Hall bridges with 100mm channel widths using
photolithography. Quantum Hall measurements were car
out at 4.2 K.

First, we investigated structures with the thin InAs~Si!
well but without the 150 Å undoped well. The comple
heterostructure~from cap-to-substrate! was: 20 Å InAs/100
Å AlSb/6–21 Å InAs~Si!/2 mm AlSb/0.5 mm GaAs/
GaAs~SI!-~001!. The first set of four samples was grow
with 4 ML InAs~Si! layers and a Si cell temperature
1130 °C.15 For InAs~Si! growth temperatures of 450 an
500 °C, the samples were highly resistive (.106 V/sq). For
temperatures of 365 and 420 °C, however, the transport m
surements yielded sheet carrier densities of 0.931012/cm2

and 1.031012/cm2, respectively.~As expected for thin lay-
ers, the mobilities were very low, withm300;100 cm2/V s.!
These results suggest that Si from the InAs layer is segre
ing into the AlSb during growth at the higher growth tem
peratures. Because Si is predominantly an acceptor in A
Si atoms segregating into the AlSb will compensate Si
nors remaining in the InAs. If over 50% of the Si segrega
into the AlSb as acceptors, we would expect a highly re
tive sample, as observed at the higher growth temperatu
Segregation is an activated process; hence, the depend
on growth temperature is reasonable.

To further investigate the role of Si segregation, we gr
a second set of samples with the substrate temperature
at 380 °C and a Si cell temperature of 1160 °C. The thi
ness of the InAs~Si! layer was varied. In Fig. 2, we plot th
room-temperature sheet carrier density as a function of
As~Si! thickness. Samples with 2, 3, 4, and 6 ML InAs~Si!
are included. An additional sample consists of 7 M
InAs~Si! with an undoped ML of InAs on either side. Th
density increases with increasing InAs~Si! thickness but is
not linear. The density for 7 ML is 2.0231013/cm2. If only a
small amount of segregation is occurring in this sample~a
reasonable approximation given the densities of the 6
and 7 ML samples!, we would expect 1.1531013/cm2 for the
4 ML layer, compared to the measured value of 0
31013/cm2. These results are consistent with substantia
segregation from the InAs~Si! monolayers adjacent to th
AlSb. Apparently, over half of the Si segregated into t

FIG. 2. Sheet carrier density as a function of donor layer thickness
InAs~Si! layers clad by AlSb. The 2 ML sample was highly resistive. T
dotted line indicates the expected carrier density based upon the 7 ML v
and the assumption of negligible Si segregation.
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AlSb for the 2 ML sample, resulting in a resistive layer. F
the 6 ML InAs~Si! sample, assuming no Si segregation,
obtain a carrier density of 8.631019/cm3. Densities as high
as 531019/cm3 were reported for thick layers of Si-dope
InAs.16

Based upon the above results, we selected a growth t
perature of 380 °C and a thickness of 4 ML for the InAs~Si!
donor layers. A set of four samples was grown with t
InAs~Si! donor layers and undoped InAs wells; the Si flu
was varied. The complete heterostructure~from cap-to sub-
strate! is:

20 Å InAs~cap!/100 Å AlSb/12 Å InAs~Si!/125 Å AlSb/
150 Å InAs/2mm AlSb/0.5mm GaAs/GaAs~SI!-~001!.

Results are shown in Fig. 3 where we plot sheet carrier c
centration at 300 K and mobility at 300 K, 77 K, and 4
versus Si cell temperature. For the first three samples, ca
concentrations range from 1.7 to 2.631012/cm2 with room-
temperature mobilities of 23 000– 25 000 cm2/V s. The
fourth sample has a sheet carrier concentration of
31012/cm2 and a mobility of 16 000 cm2/V s.17 Quantum
Hall measurements show no evidence of a parallel cond
tion channel in the Si-doped InAs layers for these fo
samples. Only a single sub-band is occupied for the fi
three samples. A second sub-band is occupied for the m
heavily doped sample, apparently causing the reduction
mobility. At 4 K, the carrier densities in the two sub-ban
are 2.5631012/cm2 and 0.1731012/cm2.

We estimated the carrier density required to occupy
second sub-band. The first two sub-band energies for a
Å InAs well are calculated to be 60 meV and 182 meV a
K when the nonparabolicity, strain, and penetration effe
are taken into account.18 Integrating the density-of-state
yields 1.7531012/cm2, in reasonable agreement with our e
perimental value of 2.3931012/cm2 and the Sasaet al.12

value of 2.031012/cm2.
We also investigated structures with 4 ML InAs~Si! lay-

ers on both sides of an undoped InAs quantum well. T
doped layers were grown at 380–400 °C and separated f
the InAs by 125 Å AlSb. Otherwise, the structures we
identical to those described previously. For a Si cell tempe
ture of 1100 °C, the room-temperature density and mobi

r

ue

FIG. 3. Sheet carrier density and mobility as a function of silicon c
temperature for 50 ML InAs/AlSb quantum wells remotely doped by 4 M
InAs~Si! layers. The InAs~Si! layers were grown at 380 °C. Lines are guid
to the eye.
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are 4.0531012/cm2 and 16 200 cm2/V s, respectively. Low-
temperature quantum Hall effect measurements are show
Fig. 4. Two components are observed in the Shubnikov
Haas oscillations, yielding carrier densities in the two su
bands of 3.0131012/cm2 and 0.5431012/cm2 and a mobility
of 65 500 cm2/V s. A second sample was grown with a
identical structure and higher Si flux~cell temperature of
1140 °C!. The room-temperature density and mobility a
5.6031012/cm2 and 13 400 cm2/V s, respectively, yielding a
sheet resistance of 83V/sq.

A heterostructure with a single InAs~Si! layer above the
undoped InAs was grown and processed into a HEMT. T
donor layer consisted of 2 ML InAs~Si! followed by a single
ML of undoped InAs. The room-temperature sheet den
and mobility were 2.531012/cm2 and 17 100 cm2/V s, re-
spectively. Using this material, HEMTs with a gate leng
Lg , of 0.5mm were fabricated withe-beam lithography. Ad-
ditional fabrication details for similar HEMTs are give
elsewhere.3

A typical set of drain characteristics for the HEMTs
shown in Fig. 5. For this device, the gate width is 28mm and
the source-drain spacing is 1.2mm. A high drain current
density is observed which results from the combination
high sheet charge density in the channel and low acces

FIG. 4. Shubnikov–de Haas oscillations for a sample with InAs~Si! donor
layers on both sides of an undoped InAs quantum well. Two sub-bands
occupied, with sheet carrier densities of 3.0131012/cm2 and 0.54
31012/cm2 at 4 K.

FIG. 5. HEMT drain characteristics for a device with a sheet carrier den
of 2.531012/cm2; Lg50.5mm, LSD51.2mm, WG528mm, VGS

50.2 V/step.
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sistance. The low-field source-drain resistance atVGS50 V
is 0.46 V mm. The devices also display good pinchoff
VGS521.6 V and negligible kink effect. The lack of satura
tion in the drain current is believed to be primarily due to t
accumulation of holes generated by impact ionization in
channel which serves to reduce carrier depletion. A ma
mum transconductance of 1.6 S/mm is measured atVDS

51 V. UsingS-parameter measurements, anf T of 60 GHz is
obtained atVDS50.5 andVGS521.1 V, corresponding to
an extrinsicf TLg product of 30 GHzmm. At this bias con-
dition, the gate leakage current was 140mA. Reduction of
this relatively high leakage and improved current saturat
should be achievable through advancements in the mat
design as has been previously reported.3

Note added in proof: Recently, Zhaoet al. reported
AlSb/InAs HEMTs with planar Si doping in a 30 Å InAs
layer beneath the channel.19
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